We were able to demonstrate a predictive value of serum HER2 (sHER2) in patients receiving trastuzumab in the neoadjuvant GeparQuattro trial. However, the role of sHER2 in patients receiving neoadjuvant therapy (NT) with lapatinib is still unclear. METHODS: The neoadjuvant GeparQuinto trial compared trastuzumab vs lapatinib in addition to chemotherapy in HER2-positive primary breast cancer patients. The sHER2 levels were measured by enzyme-linked immunosorbant assay in 210 patients, of whom 109 (52%) patients received trastuzumab and 101 (48%) lapatinib at three different time points. RESULTS: Twenty-two percent of patients had elevated baseline sHER2 levels (415 ng ml À 1 ). A decrease of sHER2 levels (420%) in the trastuzumab and lapatinib-treated group during NT was seen in 44% and 24% of the patients, an increase of sHER2 levels (420%) was seen in 6% and 41% of patients, respectively. Higher pre-chemotherapy sHER2 levels were associated with higher pathological complete remission (pCR) rates in the entire study cohort (OR 1.8, 95% CI 1.02-3.2, P ¼ 0.043). A decline of sHER2 levels (420%) during NT was a predictor for pCR in the lapatinib-treated patient group (OR: 11.7, 95% CI 1.3-110, P ¼ 0.031). CONCLUSION: Results of this study demonstrate that sHER2 levels change differently during NT depending on the anti-HER2 treatment strategy. Elevated baseline sHER2 levels (415 ng ml À 1 ) and a decrease of sHER2 levels (420%) early after therapy initiation are both relevant criteria to predict response to lapatinib-based treatment.
Neoadjuvant therapy (NT) strategies allow an early assessment of treatment effects in breast cancer patients without long follow-up as required in the adjuvant setting. This is an opportunity for translational research projects examining biomarkers that should improve the understanding of mechanisms underlying treatment response. In the phase III GeparQuinto trial, patients with a HER2-positive primary tumour were randomly assigned to receive either trastuzumab or lapatinib in addition to four cycles of epirubicin/ cyclophosphamide followed by four cycles of docetaxel Untch et al, 2012) .
Trastuzumab, a monoclonal antibody directed against the extracellular domain of HER2, has become a standard treatment in HER2-positive breast cancer in the adjuvant and neoadjuvant setting, increasing the pathological complete remission (pCR) rate significantly to around 40% (Buzdar et al, 2005; Untch et al, 2010 Untch et al, , 2011 . Lapatinib, an inhibitor of the intracellular tyrosine kinases of HER1 and HER2, has shown efficacy in metastatic breast cancer and is currently examined in early breast cancer (MacFarlane and Gelmon, 2011; Baselga et al, 2012) .
The extracellular domain of the HER2 protein can be cleaved from the surface by metalloproteases and detected in the peripheral blood as serum HER2 (sHER2) (Codony-Servat et al, 1999; Tse et al, 2011) . It was reported that the remaining cleaved HER2 receptor is constitutively activated (Hudelist et al, 2003) , suggesting that the presence of sHER2 also reflects a biological process leading to a more aggressive tumour behaviour (Molina et al, 2002) . Elevated levels of sHER2 are observed in patients with primary or metastatic breast cancer (Mueller et al, 2004; Witzel et al, 2010) . Trastuzumab inhibits shedding of HER2 (Molina et al, 2001) . In contrast, lapatinib was reported to enhance shedding of HER2 with an elevation of sHER2 levels in vitro (Vazquez-Martin et al, 2011) , indicating a different mechanism of action. This could potentially lead to different sHER2 levels in patients treated with trastuzumab or lapatinib. In the previous GeparQuattro trial, we could demonstrate that sHER2 levels were a predictor for pCR in trastuzumab-treated patients (Witzel et al, 2010) . However, the role of sHER2 in lapatinib-treated patients is still unclear. Therefore, we examined sHER2 levels in the context of neoadjuvant lapatinib treatment in the GeparQuinto trial.
MATERIAL AND METHODS
The clinical study GeparQuinto A total of 620 patients were scheduled to receive four cycles of EC (epirubicin 90 mg m À 2 , cyclophosphamide 600 mg m À 2 , day 1, every 3 weeks) followed by four cycles of docetaxel (100 mg m À 2 , day 1, every 3 weeks). Patients were randomly assigned to receive trastuzumab 6 mg kg À 1 intravenously, every 3 weeks, starting with a loading dose of 8 mg kg À 1 intravenously on day 1 of the first EC cycle or lapatinib 1250 mg per day starting on day 1 of the first cycle of EC until day 21 of the fourth cycle of docetaxel concomitantly to all chemotherapy cycles. Patients completed 1 year of anti-HER2 treatment with trastuzumab post surgery in both treatment groups.
Inclusion criteria for the translational subprotocol and ethical considerations
Full blood samples were collected for patients eligible for the GeparQuinto study in the participating centres at three different time points: before initiation of NT, after four cycles of epirubicin and cyclophosphamide and prior to surgery (Figure 1 ). Samples were stored at À 20 1C and shipped on dry ice. All the patients gave written informed consent to blood collection as part of the correlative science programme, before entering the GeparQuinto study. Participation in the clinical trial was still possible even if a patient did not agree to participate in the correlative science programme. Patients were not informed about the laboratory results because of their experimental character. The clinical study as well as the translational research project described here were approved by the competent ethics committees. The disposition of patients (CONSORT diagram) is shown in Supplementary Figure 1 .
Interventions
Serum samples from patients in study centres having agreed to biomaterial collection were send to the central laboratory of the German Breast Group. Correct labelling was checked and 210 serum samples (109 of patients in the trastuzumab arm and 101 of patients in the lapatinib arm) were forwarded to the Department of Gynecology, University Medical Center Hamburg-Eppendorf. The sHER2 assay was performed blinded for the clinical results. Detailed patient characteristics are listed in Table 1 . No relevant differences between the patient characteristics of the full study population and the analysed subgroup were observed (data not shown).
Enzyme-linked immunosorbant assay (ELISA)
The sHER2 was quantified by a commercially available ELISA (Wilex Inc, Cambridge, MA, USA) as previously described (Mueller et al, 2004) . The results were expressed in ng ml À 1 . Each sample, standard and control, was assayed in duplicate. Inter-assay and intra-assay coefficients of variation were o10%. A currently used cut-off in the metastatic setting and also recommended by the manufacturer of the assay is 15 ng ml À 1 (Esteva et al, 2002; Lipton et al, 2002) . Therefore, serum levels 415 ng ml À 1 were regarded as elevated. As a decrease of sHER2 levels of 420% HER2 serum levels in neoadjuvant therapy I Witzel et al during NT revealed significant results in the preceding GeparQuattro trial, we used the same cut-off (20%) for this analysis. We defined an increase of 20% during NT as significant in concordance to previous reports in metastatic breast cancer (Lipton et al, 2011) .
Statistical analysis
The statistical analysis was performed using PASW Statistics 19.0 software (IBM, Armonk, NY, USA). The sHER2 levels were logarithmised for the analysis. A more than 20% change in sHER2 during therapy was defined as a significant change (Ali et al, 2008) . The sHER2 levels were plotted against clinicopathological parameters by analysis of variance. The following groups were compared: tumour size o5 cm (cT1 þ 2) vs 45 cm (cT3 þ 4); G1/G2 vs G3; node-positive vs node-negative tumours; oestrogen receptor (ER) positive vs ER negative, progesterone receptor (PR) positive vs PR negative; and trastuzumab-vs lapatinib-treated patient cohort. Pathological complete remission was defined as no microscopic evidence of invasive and noninvasive residual tumour in the breast and lymph nodes. The correlation between pCR and baseline variables was tested by logistic regression in the univariate and multivariate analysis.
A two-tailed P-value o0.05 was considered as statistically significant. Each analysis was also done separately for the trastuzumaband lapatinib-treated patients. The study was performed in accordance to the REMARK criteria published and discussed (McShane et al, 2005; Hayes et al, 2006) . The end point for our analysis was the clinical end point of the study, the pCR as defined by the protocol, in correlation with absolute values and changes of sHER2 levels.
RESULTS
A total of 210 patients were included in this analysis. There was no difference between trastuzumab-and lapatinib-treated patients regarding median age, tumour size, nodal status and grading. Only rate of pCR differed between trastuzumab-and lapatinib-treated patients (36% for trastuzumab vs 24% for lapatinib, Table 1 ).
Serum HER2 levels
In all, 22 (20%) patients treated with trastuzumab and 24 (23%) patients treated with lapatinib had elevated sHER2 levels 415 ng ml À 1 before chemotherapy. The median sHER2 levels before treatment were 9.9 ng ml À 1 in both treatment arms. The median sHER2 level did not change significantly during trastuzumab therapy (8.8 ng ml À 1 after four cycles of NT, 8.6 ng ml À 1 pre-surgery) but increased slightly during lapatinib treatment (11.7 ng ml À 1 after four cycles of NT, 10.7 ng ml À 1 pre-surgery). The sHER2 levels after four cycles of NT and pre-surgery were higher in the lapatinib than in the trastuzumab group (Po0.001).
Change of sHER2 levels during chemotherapy
The rate of patients with a decline of sHER2 levels (420%) after the first four cycles of NT was higher in the trastuzumab-treated group than the lapatinib-treated group (P ¼ 0.001). A total of 48 (44%) trastuzumab-treated patients and 25 (24%) lapatinib-treated patients showed a decline of sHER2 levels (420%) at this time point. A further decline of sHER2 levels between four cycles to presurgery was observed in 21 (19%) trastuzumab-treated patients and 29 (28%) lapatinib-treated patients (P ¼ 0.20).
An increase of sHER2 levels (420%) during the first four cycles of chemotherapy was seen in 7 (6%) trastuzumab-treated patients, 43 (41%) lapatinib-treated patients (Po0.001) and between four cycles to pre-surgery in 15 (14%) and 9 (9%) patients, respectively, (P ¼ 0.28) (Figure 2 ).
Correlation between sHER2 levels and clinicopathological parameters
Higher sHER2 levels before chemotherapy were correlated with negative ER status (Po0.001). A positive correlation was observed between sHER2 levels and positive nodal status (Po0.008) and larger tumour size (Po0.001).
No other correlations between clinicopathological parameters, including age, grading, histological type, PR status and prechemotherapy sHER2 levels or sHER2 levels after four and eight cycles of chemotherapy, were observed (Table 2) .
Pathological complete remission in relation to sHER2 levels and clinicopathological parameters
Regarding the entire patient cohort, an association between pCR and negative hormone receptor status (P ¼ 0.01 for ER and P ¼ 0.032 for PR), higher pre-chemotherapy sHER2 levels (P ¼ 0.043) and a decline of sHER2 levels (420%) after four cycles of chemotherapy (P ¼ 0.049) in univariate analysis were observed. We could demonstrate linearity between pre-chemotherapy sHER2 levels and the probability of a pCR, but could not define a specific cut-off level for sHER2 to predict pCR.
In the trastuzumab-treated patient cohort, a decrease of sHER2 levels (420%) during NT (before therapy to after four cycles of chemotherapy) was associated with pCR in univariate analysis (P ¼ 0.046), which was not significant in multivariate analysis (OR: 2.76, 95% CI 0.91-8.35, P ¼ 0.07, Table 3 ) adjusted for prechemotherapy sHER levels, tumour size, nodal status, grading and ER status. Figure 2 Box plot of sHER2 changes after four cycles of chemotherapy in trastuzumab-and lapatinib-treated patients. Patients in the trastuzumab group experienced mainly sHER2 decreases, whereas in the lapatinib group, a significant number of sHER2 increases was observed. Abbreviations: ER ¼ oestrogen receptor; n.s. ¼ not significant.
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In the lapatinib-treated patient cohort, negative ER status (P ¼ 0.025) was associated with pCR in univariate analysis. However, in the multivariate analysis, higher pre-chemotherapy sHER2 levels (OR: 10.7, 95% CI 1.7-65, P ¼ 0.01), as well as a decrease of sHER2 levels (420%) after four cycles of NT (OR: 11.7, 95% CI 1.3-110, P ¼ 0.031), were associated with pCR. In addition, patients with negative ER status and positive nodal status showed higher pCR rates in multivariate analysis adjusted for tumour size and grading (Table 3 ). An increase of sHER2 levels during therapy (420%) was not associated with pCR in both groups (data not shown).
DISCUSSION
In this prospective evaluation of sHER2 levels in patients treated with either trastuzumab or lapatinib in the neoadjuvant GeparQuinto trial, we observed that a decrease of sHER2 levels during therapy was associated with pCR in the lapatinib-treated patient group. However, sHER2 levels increased more frequently during lapatinib compared with trastuzumab treatment.
To the best of our knowledge, this is the first study on sHER2 levels in patients treated with lapatinib in the neoadjuvant setting. In the previous GeparQuattro trial applying only trastuzumab for HER2-positive patients, we observed that elevated sHER2 levels before and a decrease of 420% during NT (measured before and after NT) were associated with pCR (Witzel et al, 2010 ). In the current GeparQuinto trial comparing the two different anti-HER2 treatment strategies trastuzumab and lapatinib, we found also in lapatinib-treated patients that sHER2 levels are a potential predictor of pCR in addition to their effect in trastuzumab-treated patients.
Recently, results of large NT trials comparing different HER2-targeted therapy strategies were published (Baselga et al, 2012; Gianni et al, 2012) . However, predictive markers to choose between different therapeutic options and a profound understanding of the mechanisms underlying the action of these approaches are missing.
The biological relevance of elevated sHER2 is still unknown. Some studies have suggested a better response to trastuzumab in patients with HER2-positive tumours and elevated sHER2 levels (Köstler et al, 2004; Witzel et al, 2010) , whereas other studies have reported limited predictive utility for sHER2 (Mazouni et al, 2007) . High sHER2 levels might also indicate increased HER2 cleavage and shedding. An activation of the signalling kinase domain through HER2 shedding could be mediated via truncated cell-associated fragments of HER2 and a consecutively deregulated growth-promoting pathway (Baselga, 2001 ). This hypothesis is based on the increased signalling of the p95 subunit of HER2 in cleaved HER2 receptors. The p95 protein is the intracellular component of HER2 that remains after shedding of the extracellular domain and contains the kinase domain.
Some studies suggested that HER2 cleavage and subsequent activation of the p95 subunit is blocked by trastuzumab (Molina et al, 2001 ) but increased tumour p95 content has also been put forward as an escape mechanism mediating trastuzumab resistance and lapatinib sensitivity (Scaltriti et al, 2007) . Therefore, it was hypothesised that the truncated HER2 receptor might not be ideally treated with trastuzumab but rather with agents targeting the intracellular region of the receptor like the tyrosine kinase inhibitor lapatinib (Vazquez-Martin et al, 2011) . Although the analysis presented here did not directly measure tumour p95 content or its kinase activity, we can conclude that elevated sHER2 levels have an independent predictive impact on the response to HER2 kinase targeting therapy with lapatinib in the neoadjuvant setting. The effect of combined treatment of lapatinib and trastuzumab on receptor shedding is not clear so far because the GeparQuinto trial did not combine lapatinib and trastuzumab treatment, like for example, the NeoAltto Trial (Baselga et al, 2012) .
The pCR rates in our group of patients were lower in the lapatinib group (26% vs 36% in the trastuzumab group), but the association of sHER2 with treatment response was more prominent with lapatinib. A decline of sHER2 levels during therapy, as well as sHER2 elevation before therapy, was an independent predictor of pCR in the lapatinib-treated patient group in multivariate analysis. In line with lapatinib treatment in the metastatic setting (Lipton et al, 2011 ), we could demonstrate that a decline of sHER2 levels early after the start of chemotherapy is relevant.
In our study, an increase of sHER2 levels during NT (420%) was seen more often in the lapatinib group (41% vs 6% in the trastuzumab group). This is in line with published data from cell culture experiments showing that sHER2 levels are higher in the presence of lapatinib compared with trastuzumab (VazquezMartin et al, 2011) . In the EGF30001 study, metastatic breast cancer patients with a conversion of sHER2 levels from high to low during treatment with lapatinib or placebo plus paclitaxel had a longer progression-free survival than patients with a conversion from low to high during therapy (Finn et al, 2009 ). In the EGF 20009 study, a decrease of sHER2 levels during the first 16 weeks of lapatinib monotherapy in patients with metastatic breast cancer was associated with better clinical outcome (increased response rate and longer progression-free interval), whereas an increase of 420% was associated with worse clinical outcome (Lipton et al, 2011) . We could not demonstrate an association of increasing sHER2 levels with lower pCR rates in the lapatinib-treated patient group. Although we were able to show linearity between sHER2 levels and pCR, we could not define a cut-off level for sHER2 levels with an optimum in predicting pCR rates.
In conclusion, this is the first analysis of sHER in the context of lapatinib treatment in the neoadjuvant setting. Our findings support preclinical models indicating different effects of trastuzumab and lapatinib on HER2 receptor shedding. They suggest that elevated baseline sHER2 levels (415 ng ml À 1 ) and a decrease of sHER2 levels (420%) early after therapy initiation have the potential to predict response to lapatinib treatment. This work is published under the standard license to publish agreement. After 12 months the work will become freely available and the license terms will switch to a Creative Commons Attribution-NonCommercial-Share Alike 3.0 Unported License.
